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McMICHAEL B. L. and QUISENBERRY J. E. The impact of the soil environment on the growth of root 
systems. ENVIRONMENTAL AND EXPERIMENTAL BOTANY 33, 53--61, 1993.--There are numerous 
environmental factors that can influence the growth and function of plant root systems. The 
impact of some of the major soil-related factors such as soil temperature, soil water, soil air, soil 
strength, and soil nutrient supply on the development of roots is reviewed. Emphasis has been 
placed on the interaction of these factors with each other and with the genetic diversity inherent 
in plant roots in determining the impact of the soil environment on root growth and ultimately 
on plant productivity. 
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INTRODUCTION 

TIJ~ growth  and deve lopment  of  the root  system 
are under  genetic control  but  may  be modif ied 
extensively by the environment .  I t  has been 
shown in a number  of  recent  studies that ,  for a 
var ie ty  of  species, var iab i l i ty  exists in the devel-  
opment  of  root  length and in the ini t ia t ion and 
growth of  b ranch  roots. (23'38'4°'41) For  example ,  
QUISENBERRV eta/.  (47) showed significant differ- 
ences in the deve lopment  of  t aproo t  length and 
number  of  la tera l  roots in 35-day-old  cot ton 
plants,  while others/8'~2/ have shown that  there 
were var ie ta l  differences in root  growth across 
several environments .  

Changes in soil t empera ture ,  soil s trength,  com- 
posit ion of  the soil a tmosphere  and soil water  
content  are  among  the impor t an t  env i ronmenta l  
factors that  can impac t  the growth and devel-  
opmen t  of  the root  system./38/ In terac t ions  can 

also occur between these and other  factors both  
above and below ground (i.e. mycorrhizae ,  soil 
pH,  soil nutr ient  status, photosynthesis,  repro-  
duct ive growth  stage) to influence the devel- 
opmen t  of  the root  system. Addi t iona l  inter-  
actions with the diverse genetic backgrounds  of  
p lan t  species are also impor t an t  in the deter-  
mina t ion  of  the growth of  a pa r t i cu la r  root system 
across various envi ronmenta l  conditions.  

This art icle focuses on discussions of  the impac t  
of  the major  soil envi ronmenta l  factors that  influ- 
ence root  growth and also discusses to some extent  
the modif icat ion of  the growth  of root  systems of  
different genetic mate r ia l  by  the environment .  
Since the authors  are more  famil iar  with the cot- 
ton root  system, many  of  the i l lustrations and 
discussions will per ta in  to the root  system of this 
plant .  In  the case of  most crop plants,  however,  
similar responses can occur. For  a more  com- 
prehensive s tudy of o ther  factors in the rhizo- 
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sphere that  influence root growth,  such as 
mycorrhizae,  the reader  is d i rected to the excel- 
lent reviews by SYLVIA (54) and MUKERJI. (42) 

M A J O R  S O I L - R E L A T E D  F A C T O R S  

I M P A C T I N G  R O O T  G R O W T H  

Most  of the factors that  direct ly  affect root 
growth are soil related.  These factors, as pre- 
viously indicated,  include soil strength, soil water,  
soil tempera ture ,  and composit ion of  soil a tmo-  
sphere. Wherever  da t a  are avai lable ,  the impac t  
of these factors on both morphological  and func- 
t ional changes in root systems will be discussed. 

Soil strength 
The  growth of roots through compacted  layers 

such as plow pans or areas of  high bulk density 
can present significant problems in many  crop- 
growing areas. Studies with pene t rometer  devices 
have indica ted  that  as soil resistance increases 
root elongat ion rates tend to decrease/46'6~ (Fig. 
1). The  decrease in elongat ion may  mean that  the 
plant  can extract  water  and nutrients ti'om only 
a l imited soil volume since depth  of root ing would 
be impaired .  WANJURA and BUXTON (6:~) showed 
that  the growth of  both shoots (hypocotyls) and 
roots (radicles) of  young plants  were reduced by 
increased soil strength. GRIMES et al. TM showed 
that  a pene t rometer  resistance of  1.6 M P a  at soil 
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content. Soil Sci. 108, No. 2:113-119, © Williams & 

Wilkins, 1969. !t~li) 

volumetr ic  water  contents of  near  field capaci ty  
was sufficient to reduce root ing density of  p lum 
trees to about  50% of  that  in non-compacted  
soil. TARDIEU/55) showed that  water  extrac.tion of  
maize roots was about  ha l f  in an inter- row wheel- 
compacted  zone compared  to a non-compacted  
inter-row. Root ing  density was also significantly 
lower in the compacted  zone. CARR and DODDS (15) 
showed that  small differences in soil bulk density 
had a significant effect on the root ing of lettuce. 

There  is some evidence that  the morphology  of 
the root  system can change as a result of  the 
roots growing in high-strength soil. TAYLOR and 
GARDNER '57) showed that  root diameters  were low 
in plants  grown in high-strength soil which may  
have been due to smaller  xylem and phloem cells 
as shown to be the case in other studies, i37i Genetic 
differences in the abi l i ty  of  root systems to grow 
into compacted  layers are not well documented ,  
par t icu lar ly  within a species. TAYLOR and 
RATLIFF (61) showed that  peanut  roots were less 
sensitive to increased soil s trength than cotton 
roots. However ,  SHIERLAW and ALSTON/5~/ could 
detect  no differences in the abi l i ty  of  annual  rye- 
grass and maize to penet ra te  compacted  zones. 
BENNIE ~6) suggested that  the relative decrease in 
root ing into a compacted  zone is the same for 
most species and that  the main  differences which 
occur are related to the abi l i ty  of the p lant  to 
produce branch roots in uncompac ted  layers. I t  
has also been suggested that  much of  the observed 
difference may  be hormone  media ted .  49' 

Soil temperature 
The  influence of  changes in soil t empera tu re  

on the growth of  root systems has been docu- 
mented  for a number  of  species. The  t empera tu re  
of the soil, in general ,  is lower than that  of  the air  
and is less subject  to rapid  change,  par t i cu la r ly  at 
lower depths.  I t  appears  from several studies that  
there is an op t imum tempera tu re  range for 
m a x i m u m  root growth for all p lan t  species. In  
general ,  the growth of  roots tends to increase with 
an increase in soil t empera tu re  until  the op t imum 
tempera tu re  is reached,  with a decrease then 
occurr ing as tempera tures  rise above the opti-  
mum range. A~BAS AL-ANI and HAY C~! showed 
that  root extension rates increased significantly 
for each 10°C rise in temperature .  I t  has been 
shown, for example,  that  the op t imum soil tem- 
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FIG. 2. Development of root systems of 10-day-old 
cotton and sunflower seedlings as a function of tem- 

perature. (McMmHAEe, unpublished data./:~') 

pe ra tu re  range for the growth  of cot ton roots is 
between 28 and 3 5 ° C  (39'46'58) (Fig. 2). In  contrast ,  
the o p t i m u m  tempera tu re  for sunflower root 
growth  was found to be in the range of  23-25°C/39/ 
(Fig. 2). The  op t imum tempera tu re  for many  
forage legumes was shown to be even lower. (~2'23/ 
In  the case of  sunflower vs cotton,  field studies 
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FIG. 3. Mean depth of rooting as a function of days 
after planting for field-grown cotton root systems. 

(McMICHAEL, unpublished data. (:m>) 

using minirhizotrons  for measur ing  root ing dep th  
over t ime have shown that  for similar soil con- 
ditions the sunflower roots grew at a faster rate 
than the cotton. This  may  be a manifestat ion of 
the different sensitivities of  the roots to the same 
soil t empera tu re#  ~m (compare  Figs 3 and 4). 

When  the soil t empera tu re  deviates signifi- 
cant ly  from the op t imum a number  of  things may  
occur. At  low tempera tures  the growth of  the 
roots may  be reduced and less b ranch ing  can 
occur. TM W a t e r  uptake can be reduced ~44~ and 
nutr ient  uptake  can change/45: Cu~Bus and 
NYE (18) showed that  in rape  the concentra t ion of 
ni trogen in the shoots was little affected by the 
root t empera tu re  but  that  the highest growth was 
associated with the highest ni t ra te  deplet ion at  
root tempera tures  of 25-30°C. O the r  changes 
such as dea th  of the root cortex, (16) accumula t ion  
of  sugars, (~6i and wil t ing (7) can occur when roots 
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are exposed to low soil temperatures .  The  
exposure of  roots to higher  than op t imum tem- 
peratures  can also have an adverse effect on the 
growth and deve lopment  of  the root  system. Both 
elongation rates (2'61i and enzymat ic  activities/44i 
are reduced,  while b ranch ing  may  be increased 
in some cases. (44) 

There  is also a body of  evidence that  indicates 
genetic var iabi l i ty  in response to changes in tem- 
pera ture  both between and within species. BRAR 
et al. Ij ~! showed that  the t empera tu re  for op t imum 
emergence and growth between a number  of  
forage legumes was significantly different (Fig. 
5). McMICHAEL (41) has shown that  there are 
differences in the t empera tu re  response of seed- 

j .  E. QUISENBERRY 

lings Of a number  of  exotic cot ton accessions in 
terms of  p r ima ry  and lateral  root  development .  
QUISENBERRY et al. !~7) also showed similar  differ- 
ences in older  plants.  HEINRICHS and NIELSEN (29) 
showed differences in root  growth of  20 alfalfa 
varieties in response to different soil temperatures .  
The  differential  response of  cot ton and sunflower 
seedlings (Fig. 2) is also an example  of  geno- 
type x envi ronment  interact ion.  

The  exact mechanism(s)  of  the response of  roots 
to different soil t empera tures  has not been deter-  
mined.  Some researchers contend that  changes 
in pro toplasmic  resistance can account  for the 
observed responses, par t icu la r ly  the reduct ion in 
water  up takeJ  9/ Others  have indica ted  that  the 

20O 

150 

~ 100 

~ 5o 
Z 

t 
0 

O - - O ' A  
o ~ o  B 

10 15 20 25 ,.~ 

200 

150 

100 

50 

0 n 
35 0 5 

o ~ o D  
o ~ e E  

1 A--A F 

10 15 20 ~ ~ 

2O0 

Z 

t 
0 0 

0 5 

0--o G 
e - - e  H 
z~ - -A  I 

10 15 20 25 ~)  

TEMPERATURE ( 'C) 

200 

50i 

0 ' 
5 

o-~-o j 

i i i i ~ 

10 15 20 25 30 35 

TEMPERATURE ( 'C) 

FIG. 5. Mean length ( + S.E.) of main root axis of 10-day-old forage legumes as a function of temperature. 
(A) Medicago rugosa Desr. cv. Paraponto gama medic; (B) Trifolium subterraneum L. cv. Mt. Barker sub- 
terranean clover; (C) Trifolium incarnatum L. cv. Chief crimson clover; (D) Trifoliumpratense L. cv. Kenstar 
red clover; (E) Vicia sativa x Vicia serratifoliaJacq, cv. Vangard vetch; (F) Vicia grandiflora Scop. cv. Woodford 
vetch; (G) Pisum sativum subsp, arvense (L.) Poir cv. Austrian winter peas; (H) Medicago sativa L. cv. Maxidor 
alfalfa; (I) Trifolium vesiculosum Savi cv. Amclo arrowleaf clover; (J) Vicia sativa x Vicia corduta Wulf. cv. 
Cahaba white vetch; (K) Vicia viUosa L. cv. Hairy vetch; (L) Onobrychis viciifolia Scop. cv. Eski sanfoin. 

(From BRAR et al., Agron J. 1990; (] 1) used with permission.) 
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rate  of  cell division is reduced at  the low tem- 
pera tures  and that  as the t empera tu re  rises the 
t ime requi red  for add i t iona l  cell division is 
reduced./4) Fu tu re  research should shed more 
light on the na ture  of  these responses. 

Soil water 
The  wate r  content  of  the soil can have a direct  

influence on the growth rate  and  dis t r ibut ion  of  
roots. Roo t ing  dep th  and root ing densi ty may  
increase in a d ry ing  soil/33~ (Fig. 6) and  root  elon- 
gat ion rates may  be significantly decreased.  (56/ 
There  also may  or may  not  be significant al ter-  
at ions in root act ivi ty  as the soil dries since root 
prol i ferat ion m a y  occur  at  lower depths  to main-  

t a i n  wate r  up take  rates. (6°/ JORDAN (SI) observed 
that  root ing densities could decrease to as low 
as 0.2 cm/cm S and still effectively ext rac t  water .  
W a t e r  up take  rates were shown to increase with 
increased root ing densities in whea t  plants  
depend ing  on root  age and soil water  status. (5°/ 
McMIcHAEL (39) observed tha t  root ing densities 
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increased significantly at  lower depths  and 
decreased in upper  soil layers in several com- 
mercial  cot ton varieties when the soil was al lowed 
to dry. TAYLOR and KLEPPER (60) showed tha t  root 
length d id  not  increase in a soil layer  when the 
water  content  of  that  layer  fell below 0.06 
cm3/cm 3 equivalent  to a soil water  potent ia l  of  
abou t  - 0.1 MPa.  

The  effectiveness of  roots to extract  water  as soil 
water  is deple ted  appears  to be ra ther  constant  in 
some instances. TAYLOR and KLEPPER (59) showed 
that  water  extract ion per  unit  root  length in cot- 
ton does not  change with depth .  In  contrast ,  how- 
ever, STONE et a/./53) indica ted  that  in soybeans 
the deple t ion  effectiveness, defined as cm a of  water  
per  g of  root  per  day,  was greatest  at  lower depths,  
p resumably  due to younger  roots being in wet ter  
soil. They  also concluded tha t  at any  given time 
a small  por t ion of  the root system could be respon- 
sible for a large par t  of  the total  water  uptake  by 
the plant .  

Changes in soil water  potent ia l  can have a sig- 
nificant impac t  on the act ivi ty  of  root  systems. 
LASCANO and VAN BAVEL (35) showed that  the 
water  uptake  by the root  system is p ropor t iona l  
to the root ing density in a par t i cu la r  layer  and  
the difference between the water  potent ia l  of  that  
layer  and  the overall  mean  leaf  water  potent ial .  
This  app roach  was adequa te  to explain the wate r  
uptake  by cot ton roots d ivided over a wet and 
dry  soil environment .  HEATHERLEY (2a) showed, 
in exper iments  where soybeans were grown in 
containers  in which the bo t tom port ion of  the 
soil profile was kept  relat ively moist (soil water  
potent ials  of - 0 . 0 2  to - 0 . 0 4  MPa)  and the top 
por t ion  of  the soil was allowed to dry  to various 
soil water  potentials ,  that  the root  d ry  weight  
accumula t ion  was higher  in the lower por t ion of 
the profile when the top por t ion was al lowed to 
d ry  to - 0.05 to - 0.07 MPa .  NEWMAN (43) showed 
that  root growth in flax decreased at  soil water  
potentials  of  - 0 . 7  MPa ,  but  that  some root 
growth occurred in soil dr ier  than  - 2.0 MPa .  

In terac t ions  may  occur between the soil water  
status and nutr ient  supply  to affect root  growth.  
BARRACLOUOH et al. 15) showed tha t  d rought  in the 
upper  por t ion of  the soil profile severely reduced 
root growth in that  zone, bu t  root  growth was 
s t imulated at  lower depths  when moisture and 
ni t rogen were present.  VEGr¢ 62/ also showed that  
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the uptake of  phosphorus was highly dependent 
on the soil moisture and that higher amounts of  
available nutrients resulted in greater root elon- 
gation when moisture was adequate. 

There is also some evidence to suggest that 
genetic differences exist in the response of  roots to 
changes in soil water. CUTFORTH et al. 09) showed 
that root growth in one variety of  corn (Pioneer 
3995) was less sensitive to water stress than two 
other varieties that were tested. There  was also 
an interaction with temperature which indicated 
that sensitivity to water content decreased with 
decreasing soil temperature. QUISENBERRY et 

al. ~471 showed that there was significant variability 
in root growth of  a number  of cotton genotypes 
that was positively associated with shoot dry 
weights in dryland situations. They  also indicated 
that root growth potentials appeared to be impor- 
tant traits in the adaptat ion of  cotton to water- 
limited conditions. 

Therefore, changes in soil water content and 
soil water potential may change rooting patterns 
and root activity in relation to top growth and 
have a significant impact  on plant productivity. 

Soil nutrient status 
There have been numerous studies conducted 

concerning the uptake of  nutrients by plant roots 
and the impact  on productivity, i3'36! M a n y  of  
these studies have focused on the pathways of 
nutrient transport, and the interactions between 
nutrients and changes in absorption rates as a 
function of  soil temperature and water status.(2°'48/ 
Obviously, the soil water status plays a major role 
in the utilization of nutrients by plant roots since 
the water is the carrier of nutrients to the root 
surfaces. Therefore, changes in soil water status 
directly impact  root-nutr ient  relationships. 
VEOH/62/ showed that, under adequate soil water 
conditions, changes in nutrient supply had little 
effect on root length of  barley plants. However, 
when water was limiting, increasing the nutri- 
ent supply increased the total root surface area. 
Some studies have been conducted, however, 
relating soil nutrient status to the growth and 
development of  the root system itself. DREW et 
al.12~) showed that the concentration of  nitrate in 
the soil had a significant effect on lateral root 
development in barley. There  was an increase in 
lateral rooting in zones where nitrate con- 

centrations were increased from 0.01 to 1.0 mM. 
CooIcE (~7) showed similar results with pea roots in 
response to phosphorus and potassium placement. 
There is also some evidence that different geno- 
types respond differently to soil nutrient status. 
HACKETT (27) reported that the root systems of  
different varieties of  barley showed different mor- 
phological characteristics as a result of  differences 
in nutrient levels, particularly phosphorus and 
potassium deficiencies. 

Soil aeration 
The composition of  the soil atmosphere may 

significantly reduce or enhance the development 
of  roots depending on the concentrations of the 
soil gases. In general, the soil air is about  79% 
N2, 20% 02, and less than 1% CO2 at a depth of 
about  15-20 cm./52/ These concentrations can 
vary from as little as 5% 02 to as much as 15- 
20(~) CO2 (J4/and are influenced by other environ- 
mental factors such as soil temperature and soil 
water status. (52) 

The roots of  some species respond differently 
to changes in the composition of  the soil atmo- 
sphere. The growth of  cotton roots, tbr example, 
does not seem to be hindered by CO2 levels in the 
soil that would severely reduce root growth in 
other crops. (34/ On  the other hand, the growth 
of  cotton roots is highly sensitive to changes in 
soil 0 2 concentrations. Elongation rates of the 
taproot, for example, were reduced when the root 
system was exposed to 5% 02, and roots were 
killed within 3 hr after the soil atmosphere was 
purged of  oxygen./3°/ WHITNEY (64) reported that 
water uptake by cotton roots, as well as root sys- 
tems of other crops, was reduced either by toxic 
effects of the increased CO 2 reducing root per- 
meability or reduction in respiration rates 
brought  about  by the low 0 2 concentrations. 

Flooding conditions are prevalent in some soils 
that can severely reduce root function. Box (1°/ 
reported that reduced 02 diffusion rates sig- 
nificantly decreased the number  of  roots and the 
depth of rooting of wheat  plants grown on water- 
logged soils of  the Southeastern U.S. DREW and 
STOLZ¥/22) indicated in their review concerning 
oxygen stress, that the root systems of  some species 
may adapt  to low oxygen conditions by forming 
lenticels or aerenchyma cells to facilitate gas ex- 
change. They  also indicated that there may be 
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metabol ic  a d a p t a t i o n  as well as changed  enzyme 
systems to respond to more anaerobic  condit ions.  
GRINIEVA (25) also observed similar  adap t a t i o n  
responses in flooded root  systems o f Z e a  mays. 

C O N C L U S I O N S  

We have discussed some of  the major  soil- 
re la ted factors that  impac t  root growth in plants  
and  how these factors may  in teract  to influence 
not only root  deve lopment  bu t  also product iv i ty .  
One  i m p o r t a n t  aspect  that  has been somewhat  
overlooked at  times is the influence of  the genetic 
componen t  for root  growth and how the genetic 
potent ia l  for root  deve lopment  m a y  be modif ied 
by the envi ronment .  Some species, and  even some 
genotypes within the same species, may  respond 
differently to changes in the soil envi ronment  
which not  only affect wate r  and  nutr ient  uptake  
by the root systems bu t  u l t imate ly  influence the 
produc t iv i ty  of  the plant .  Fu tu re  research should 
a im at a bet ter  under s t and ing  of  the in teract ion 
of  the root  system with its envi ronment  in efforts 
to increase p lan t  per formance  under  a wide range 
of envi ronmenta l  condit ions.  
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